The CRISPR-Cas9 system has been used extensively in eukaryotic and prokaryotic systems for 24 various applications. In case of the latter, a couple of previous studies had shown Cas9 protein 25 expression associated toxicity. We studied the same in five microbes, viz Escherichia coli, 26 Salmonella typhimurium, Mycobacterium smegmatis, Xanthomonas campestris and 27 Deinococcus radiodurans. Transformation efficiency of plasmids carrying genes coding for 28 Cas9 or dCas9 was used to gauge toxicity associated with Cas9 protein expression. Results 29 showed differential levels of Cas9 toxicity among the bacteria and lower transformation 30 efficiency for cas9/dcas9 bearing plasmids compared to controls in general. This indicated 31 lethal effect of Cas9/dCas9 expression. While E. coli and S. typhimurium seemed to tolerate 32 Cas9/dCas9 fairly well, in GC rich microbes, M. smegmatis, X. campestris and D. radiodurans, 33 Cas9/dCas9 associated toxicity was acute. 34 35 36 37 38 39 40 41 42 43 44 3 | P a g e Introduction: 45 Recombinant DNA technology together with High Throughput Sequencing in recent 46
Results:
140 Transformation efficiencies (TE) of plasmids bearing cas9 in enterobacteria: 141 In S. typhimurium, number of transformants recovered with pwtCas9 on Atc selection plates 142 was half the number recovered in the absence of Atc. In Novablue strain, no transformants 143 could be recovered on induction with Atc (Fig. 1a) . In E. coli DH5 alpha, TE remained 144 unaffected on Atc induction. However, Atc induction did result in smaller colony size of 145 transformants in E. coli DH5alpha as well as S. typhimurium compared to uninduced culture 146 carrying pwtCas9 but not pUC19 (Fig. 1c ). This indicated that upon induction, toxicity also 147 manifested as reduction in growth. Cas9 associated toxicity was therefore observed in S. 148 typhimurium as well as E. coli Novablue, with a very pronounced effect in the latter.
150
Transformation efficiencies of plasmids bearing dcas9 in enterobacteria: 151 In S. typhimurium, number of colonies recovered with pdCas9 on Atc induction was 152 comparable to that in the absence of induction. However, as in case of pwtCas9, the size of the 153 colonies was smaller on Atc induction of dCas9 expression ( Fig. 1c ). In Novablue, TE with 154 pdCas9 decreased around three fold on Atc induction, while it was unaffected when 155 pACYCDuet-1 was used ( Fig. 1b) . In E. coli DH5 alpha, TE was unaffected on Atc induction. 156 The results indicate that dCas9 mediated toxicity was highest in E. coli Novablue followed 157 byS. typhimurium, while E. coli DH5 alpha tolerated dCas9 expression well. In X. campestris, no transformants for pBB-cas9 or pBB-dcas9 could be recovered, while on 162 average, a TE of 1.5X10 3 CFU/ µg of DNA could be obtained with the vector control ( Fig. 2a ).
163
Rarely a few transformants were recovered only in the case of dCas9 which did not grow 164 subsequently in liquid medium.
165
In M. smegmatis also, transformation of pST-cas9 and pST-dcas9 plasmids yielded no 166 transformants even when no Atc was added to the selection plates, while in empty vector 167 control, a TE of 7.6X10 3 CFU/µg DNA was obtained ( Fig. 2b) . Here, too, rarely small colonies 168 of transformants could be recovered on selection plates that failed to grow in liquid culture.
169
Both these organisms, therefore displayed acute toxicity to both Cas9 as well as dCas9.
171
Transformation efficiencies of plasmids bearing cas9/dcas9 in D. radiodurans: 172 On transforming D. radiodurans with pRA-Cas9 and pRA-dCas9 plasmids, no colonies could 173 be recovered, while with control plasmids, an average TE of 1.5 X 10 3 CFU/μg DNA could be 174 obtained ( Fig. 3a ). Even when cas9/dcas9 plasmids without the PgroESL promoter were used, 175 transformants could not be recovered. To increase the overall transformation efficiency in this 176 organism, the plasmids were passaged through a dam -/dcmstrain, E. coli JM110. Plasmids 177 isolated from this E. coli strain when transformed into D. radiodurans resulted in a higher 178 transformation efficiency of control plasmid, pRAD1 (average of 2.3 X10 4 CFU/μg DNA) ( Fig.   179 3b & c). Importantly, at this transformation efficiency, cas9/dcas9 bearing transformants could 180 be recovered at an efficiency of 1.7X10 2 and 2.9X10 2 CFU/µg DNA respectively which was 181 100 fold lower than that for pRAD1 ( Fig. 3c ). Transformants were also recovered at an 182 efficiency of 2X10 3 and 2.5X10 3 CFU/ μg DNA with cas9 and dcas9 bearing plasmids in the 183 absence of a promoter ( Fig. 3b & c) . The results indicate that toxicity of Cas9/dCas9 in D. 184 radiodurans is moderate. As Cas9 is a nuclease and dCas9 retains the DNA binding property, the effect of methylation 188 of genomic DNA on Cas9/dCas9 mediated toxicity was analysed. Two strains of E. coli that 189 were dam + /dcm + , DH5alpha and JM109 and two strains that were dam -/dcm -, JM110 and 190 GM2163 were employed. Plasmids, pRA-cas9 and pRA-dcas9 where Cas9/dCas9 is expressed 191 from a strong constitutive promoter PgroESL were transformed into each of these E. coli strains.
192
To incorporate size control for such plasmids, pRA-cas9P-or pRA-dcas9P-were also 193 transformed into all E. coli strains. Results did not show a marked effect for DNA methylation 194 in determining Cas9/dCas9 based toxicity ( Fig. 4a ). However, the fraction of transformants Cas9/dCas9 CRISPR system has enormous potential to be applied in a wide variety of 208 organisms but the challenge in utilizing its full potential is the toxicity associated with it. been alternating between the obvious and the mysterious ever since development of this 213 technology. Early reports put down toxicity of the Cas9 protein to possible non-specific 214 nuclease activity. But similar toxicity with dCas9 required the theory to be revised. In M. 215 smegmatis it was reported that dCas9 causes proteotoxicity that sensitizes the bacteria to stress 216 [12]. The last two years have provided more insights on cas9/dcas9 toxicity. Overall, it 217 emerged that by keeping the expression levels low or only transiently expressing these proteins, 218 toxicity could be avoided [14] [12]. The determinants of Cas9 toxicity however remained 219 elusive.
220
In this study, we bring forth toxicity data for Cas9/dCas9 in five different bacteria, two 221 of which (M. smegmatis and E. coli) are standard model organisms, two are pathogens, (X. 
257
JM109 also seemed to tolerate Cas9/dCas9 expression relatively well when tested with 258 constitutively expressed genes. The Novablue strain of E. coli showed moderate toxicity with 259 the two genes, but on induction of Cas9, no transformants could be recovered. The results are 260 useful while choosing between E. coli strains for applications involving Cas9 and its variants.
261
In the last two years, investigations have indicated that Cas9/dCas9 toxicity is perhaps 262 due to non-specific binding to NGG sequences in the genome and the unwinding of the genome 263 for PAM searching [19] . The threshold concentration of dCas9 at which toxicity just appears 264 in E. coli could be increased by abolishing the PAM binding property in dCas9, lending 265 credibility to this theory. Further, earlier reports have shown high-affinity non-specific DNA 266 binding by the Cas9 in the absence of sgRNA [23] .
267
This would also imply that a determinant of Cas9/dCas9 toxicity in an organism is 268 amenability of its chromosome to binding by such proteins. This would in turn almost certainly 269 depend on the GC content of the organism influencing PAM density on genome, the fraction 270 of the genome that is transcriptionally active and perhaps its epigenetic status. The microbes 271 that showed acute toxicity towards Cas9/dCas9 in this study are all GC rich, resulting in higher 272 occurrence of NGG in the genome leading to binding of the chromosome at higher density 273 resulting in disruption of normal DNA metabolism. This explains why an organism such as D. 274 radiodurans which is known for its ability to repair DNA damage, would also suffer from 275 Cas9/dCas9 related toxicity. Another observation from this study was that the toxicity in all 276 strains was marginally higher for cas9 bearing plasmids than dCas9 bearing plasmids. This is 277 again expected considering that Cas9 might also exert a non-specific, sgRNA independent 278 cleavage of the chromosome at a low frequency, that would be absent in dcas9 expressing 279 strains.
280
In eucaryotes and other cell lines, the chromosome is more tightly packed and organized, that Cas9 have also shown toxicity in some cell lines where ribonucleoprotein delivery has 288 improved viability [27] .
289
This study also attempted to evaluate effect of host genome methylation on the toxicity 290 of Cas9/dCas9. Since, dam + /dcm + strains would carry methylated chromosomes, it is tempting 291 to assume that this modification would mask the DNA to discourage non-specific Cas9/dCas9 292 binding and lead to lower toxicity levels. In dam -/dcmstrains, a naked DNA would probably 293 make non-specific Cas9/dCas9 binding easier. It is another question, whether the frequency of 294 methylated sites on the E. coli chromosome in dam+/dcm+ strains would be enough to effect 295 non-specific binding resulting in toxicity at all or not. Our results indicate marginally lower 296 Cas9/dCas9 mediated toxicity in dam -/dcmstrains despite lower expression of proteins.
297
Therefore, the results are not sufficient to conclude no effect due to chromosomal methylation 298 as far as Cas9/dCas9 binding is concerned. Earlier, it was shown that cleavage by Cas9 was 299 unaffected by cpG methylation [28] . However, there are other studies which showed that there 300 was a negative co-relation between off-target binding and DNA methylation [29] . It remains 301 to be proven more rigorously, whether indeed bacterial methylation affects non-specific 302 binding if at all, hence influencing toxicity and possibly off-target effects or whether it also 303 affects targeting. In view of results from this study, Cas9 expression in microbes may need careful modulation 308 to ensure effective applications in silencing and genome editing. Especially in complex systems 309 such as metabolic engineering, Cas9/dCas9 toxicity may need evaluation, since multiple gene 310 modifications may compound the toxicity problem. It may be useful to employ strategies such 311 as use of temperature sensitive plasmids, integrative plasmids or low copy number plasmids, 
